ABSTRACT The inßuence of temperature and photoperiod on the preoviposition duration and oviposition of the strawberry root weevil, Otiorhynchus ovatus (L.), were studied in strawberry (Fragaria X ananassa Duchesne Variety ÔTotemÕ). In one experiment, adults were subjected to constant temperatures from 3 to 33ЊC at 3ЊC intervals and in another experiment adults were subjected to four photoperiods at 21ЊC. Oviposition was monitored for all treatments. Adults fed at all temperatures from 3 to 33ЊC and oviposited at temperatures between 18 and 30ЊC. The longest preoviposition period (32 d) and the fewest total number of eggs (2) were observed at 18ЊC. The shortest preoviposition period (15 d) and the largest total number of eggs (282) were observed at 27ЊC. A temperature range of 21Ð27ЊC appeared to be optimum for oviposition. Within this range, the lowest mortality, shortest preoviposition period, longest oviposition period, and greatest total number of eggs were observed. Weevils oviposited at all photoperiods. Length of preoviposition period and egg viability did not vary signiÞcantly among photoperiod treatments. Adults oviposited an average of 15 eggs at 12:12 (L:D) h and an average of 148 eggs at 18:6 h (L:D) h. A linear regression model predicted an increase of 23 cumulative eggs laid for each 2-h increase of daylength.
STRAWBERRY ROOT WEEVIL, Otiorhynchus ovatus (L.), is a major economic pest of many of OregonÕs most important agricultural commodities, including peppermint, Christmas trees, strawberries, cane fruits, and nursery crops (Wilcox et al. 1934) . Larvae live in the soil and cause primary damage to plants by feeding on their roots and underground stems. Adults feed nocturnally above ground, causing leaf notching, which is cosmetic damage only to most crops. Strawberry root weevil is parthenogenetic, nocturnal, ßightless, and polyphagous and overwinters in both the adult and larval stage (Treherne 1914 , Downes 1922 , Wilcox et al. 1934 .
Management and detection of these insects is problematic. Larval damage is often undetectable until larvae are mature (spring) and plants begin to decline. Thus, it is difÞcult to determine the progress of an infestation and the appropriate time to use available management tactics.
Adults emerging from the soil in the spring have a preoviposition period estimated to be from 8 to 30 d (Lovett 1913 , Downes 1922 , Wilcox et al. 1934 . We have developed a model that predicts O. ovatus emergence (Umble and Fisher 2000) . Supplementing prediction of adult emergence with knowledge about the effects of temperature on preoviposition allows prediction of occurrence and length of the preoviposition period. The preoviposition period is the best time to implement adult control measures. Control measures applied before this period are ineffective against adults that have not emerged, and control after this period allows adults to begin ovipositing, thus perpetuating the infestation.
The inßuence of abiotic factors on strawberry root weevil oviposition must be quantiÞed to develop more accurate prediction of oviposition. However, there has been limited research on the inßuence of these factors. Thus, the purpose of this study was to describe the effects of temperature and photoperiod on strawberry root weevil preoviposition and oviposition.
Materials and Methods
Source of Insects. In April 1998, late-instar O. ovatus larvae were collected from a strawberry (Fragaria x ananassa Duchesne variety ÔTotemÕ) plot at the Oregon State University, North Willamette Research and Extension Center, Aurora, OR, for the temperature experiments. Late instars were collected, in April 1999, from a production strawberry Þeld neighboring the North Willamette Research and Extension Center plot for the photoperiod experiments. Larvae were divided into groups of 200 and reared at 24 Ϯ 0.5ЊC and 0:24 (L:D) h in 946-ml containers (Reynolds Metals, Rich-mond, VA) in moist peat moss. A longitudinally sliced carrot was supplied as a food source (Masaki 1995) and was replaced weekly. Pupae were removed from the containers every other day and placed on a compacted layer of moist peat moss in containers. Containers with pupae were maintained in a growth chamber at 24 Ϯ 0.5ЊC and 0:24 (L:D) h and monitored daily. Adults were removed as they eclosed.
Temperature Treatments. Microprocessor-controlled growth chambers (Ϯ0.5ЊC) were used to produce 11 constant temperature treatments (3Ð33ЊC at 3ЊC intervals) with a photoperiod of 16:8 (L:D) h. Cohorts of Þve adults (Ͻ1 d old) were selected randomly and subjected to a temperature treatment until each treatment contained 100 individuals. Cohorts were considered replicates giving 20 replicates per treatment. Each replicate of Þve adults was reared in a petri dish (100 by 25 mm) (Falcon, Becton Dickinson Labware, Franklin Lakes, NJ) with a single Totem strawberry leaßet placed in a water pic for food. Leaves and dishes were changed every 4 d which ensured that adults had constant access to high-quality leaves. Dishes were monitored daily to record the Þrst oviposition in each replicate. Once oviposition commenced, the eggs in each replicate were counted and removed every fourth day until 100 d after the start of the experiment. The date at which eggs were no longer found in a replicate was recorded as the end of oviposition.
Photoperiod Treatments. Newly eclosed adults were subjected to four photoperiods of 12:12, 14:10, 16:8 and 18:6 (L:D) h with two preconditioning treatments within each photoperiod (adults were either held at 12:12 [L:D] h for 10 d or immediately subjected to the photoperiod) at 21 Ϯ 0.5ЊC in a completely randomized design with factorial arrangement of treatments. Cohorts of four adults (Ͻ1 d old) were selected randomly and subjected to a photoperiod treatment until each treatment contained 40 individuals. Each cohort was considered a replicate, for a total of 10 replicates per treatment. Each replicate of four adults was reared in a petri-dish (100 by 25 mm) (Falcon, Becton Dickinson Labware) and given a single Totem strawberry leaßet placed in a water pic for food. Leaves and dishes were changed every 7 d, which ensured that adults had constant access to highquality leaves. Dishes were monitored daily to record the date of Þrst oviposition in each replicate. Once oviposition commenced, eggs were counted every 7 d for 35 d. Egg viability was determined by collecting three replicates of 16 eggs from each treatment (pooled eggs from 10 replicate dishes) for each of the 4 wk following the onset of oviposition. Eggs were placed on moist Þlter paper in a snap-lid petri dish, incubated at 21 Ϯ 0.5ЊC and monitored for 20 d for hatch.
Data Analysis. Cumulative egg data for each replicate were calculated by taking the sum of the average egg measurements (total number eggs/total number weevils per replicate) from each measurement date. The data were checked for normality and constant variance. Presence of treatment effects for each measured parameter was determined using analysis of variance (ANOVA) (SAS Institute 1999). Comparisons among treatments, for measured parameters with signiÞcant treatment effects, were determined using the Tukey-Kramer multiple comparison procedure. The cumulative egg data from the photoperiod experiment were analyzed using linear regression (SAS Institute 1999). A simple degree-day model was developed to predict length of preoviposition and oviposition period using the developmental threshold for pupae, 4.3ЊC, which is currently used to predict emergence (Umble and Fisher 2000) .
Results
Temperature Experiment. All adults died within 21 d at 33ЊC and within 75 d at 30ЊC. High mortality (Ͼ70%) did not occur at any other temperatures during the 100 d of the experiment. Weevils fed at all temperatures from 3 to 33ЊC. Temperature had a signiÞcant effect on the time to Þrst feeding (F ϭ 215; df ϭ 10, 189; P Ͻ 0.0001). The average number of days to Þrst feeding was 59 d (Ϯ3.4) at 3ЊC and 5 d (Ϯ0.4) at 33ЊC (Fig. 1) . The average number of days to Þrst feeding at temperatures below 9ЊC was signiÞcantly lower than average number of days to Þrst feeding above 9ЊC (Fig. 1) . The average number of days to Þrst feeding among treatments of 12Ð33ЊC was not significantly different (P Ͼ 0.05) and ranged from 9 d at 12ЊC to 4 d at 27ЊC (Fig. 1) .
Weevils oviposited at temperatures between 18 and 30ЊC (Fig. 2) . No oviposition occurred at temperatures Ͻ18 or Ͼ30ЊC. After 100 d, the weevils that had not laid eggs (weevils from temperatures Ͻ18ЊC) were placed at 24ЊC. At this temperature, adults from all of the treatments started to lay viable eggs within 10 d. Temperature had a signiÞcant effect on cumulative egg production (F ϭ 58; df ϭ 4, 87; P Ͻ 0.0001). Oviposition was signiÞcantly greater at 21, 24 and 27ЊC than at 18 or 30ЊC (Fig. 2) . As temperatures increased from 18 to 21 to 27ЊC, the increase in cumulative eggs ranged from 138 (95% CI: 195, 80) at 24ЊC (eggs at 24ЊC Ϫ eggs at 18ЊC) to 279 (95% CI: 338, 220) at 27ЊC (eggs at 27ЊC Ϫ eggs at 18ЊC). As temperatures increased from 21 to 27 to 30ЊC, the cumulative eggs decreased by 96 (95% CI: 42, 150) from 24ЊC (eggs at 24ЊC Ϫ eggs at 30ЊC) and decreased by 237 (95% CI: 293, 182) from 27ЊC (eggs at 2ЊC Ϫ eggs at 30ЊC).
Temperature had a signiÞcant effect on the length of preoviposition (F ϭ 33; df ϭ 4, 80; P Ͻ 0.0001) and oviposition periods (F ϭ 32; df ϭ 4, 85; P Ͻ 0.0001) thus showing trends similar to that of cumulative number of eggs (Fig. 3) . Preoviposition period was signiÞ-cantly shorter at 21, 24 and 27ЊC than at 18ЊC or 30ЊC (Fig. 3) . Length of oviposition was signiÞcantly longer at 21, 24 and 27ЊC than at 18ЊC or 30ЊC (Fig. 3) . The longest preoviposition period (32 Ϯ 2.1 d) and the shortest length of oviposition (8 Ϯ 4.5 d) were observed at 18ЊC (Fig. 3) . The shortest preoviposition period (15 Ϯ 0.48 d) and the longest period of oviposition (34 Ϯ 3.8 d) were observed at 27ЊC.
The average preoviposition and oviposition periods for 21, 24, and 27ЊC (optimal range of oviposition) were used to develop a degree-day prediction model based on a developmental threshold of 4.3ЊC (threshold for pupae) and a bioÞx date of 15 February (Umble and Fisher 2000) . This model predicted oviposition to begin at 832 DD (95% CI: 807, 857) and for oviposition to end at 998 DD (95% CI: 928, 1068). For these temperatures, we estimated that average of 203 eggs (95% CI: 121, 285) would be deposited over this period of oviposition.
Photoperiod Experiment. Preconditioning did not have a signiÞcant effect on preoviposition period (F ϭ 1.13; df ϭ 1, 61; P ϭ 0.29), cumulative eggs (F ϭ 0.44; df ϭ 1, 78; P ϭ 0.51) or egg viability (F ϭ 0.3; df ϭ 1, 101; P ϭ 0.59) ( Table 1 ). Therefore preconditioning treatments were pooled for further analyses. Weevils oviposited at all photoperiods ( Table 1) Photoperiod did not have a signiÞcant effect on preoviposition period (F ϭ 2.56; df ϭ 3, 56; P ϭ 0.06) or egg viability (F ϭ 0.97 df ϭ 3, 99; P ϭ 0.78). But photoperiod did have a signiÞcant effect on cumulative eggs (F ϭ 43; df ϭ 3, 76; P Ͻ 0.0001). On average, 15 Ϯ 6.5 eggs were laid at 12:12 (L:D) h and an average of 148 Ϯ 11.5 eggs were laid at 18:6 (L:D) h. The cumulative egg data were modeled with linear regression (r 2 ϭ 0.61, P Ͻ 0.0001) (Fig. 4 ). The regression model predicted an increase of 23 cumulative eggs (95% CI: 18, 26) laid for each 2-h increase in daylength.
Discussion
Temperature and photoperiod treatments signiÞ-cantly affected oviposition of strawberry root weevil. Determining how these factors inßuence oviposition will improve understanding and prediction of strawberry root weevil population dynamics in the Þeld.
Under a strict heat accumulation hypothesis, feeding and oviposition occurs at all temperatures (to an upper threshold), with increasing time required for these events to occur at lower temperatures. This type of temperature-dependent trend was observed for the time to Þrst feeding ( Fig. 1) , but not for oviposition. Weevils did not oviposit at temperatures below 18ЊC (3Ð15ЊC) even after 100 d. When weevils from these Þve lower temperature treatments were placed at 24ЊC, at the 100-d termination of the experiment, they began to oviposit within 10 d. Therefore, it appears that adult oviposition may be physiologically limited by a lower thermal threshold (Ͻ18ЊC). Similarly, no oviposition was observed at 33ЊC; an indication of an upper thermal threshold for oviposition. Even though the greatest number of eggs was observed at 27ЊC, we consider the temperature range of optimum oviposition to be between 21 and 27ЊC. Within this range, mortality was low, the preoviposition period was minimized, the oviposition period was maximized, and the cumulative number of eggs was greatest (Figs. 2  and 3) . The preoviposition period observed at 18ЊC (32 Ϯ 2.1 d) was comparable to the 30 Ð33 d reported by Brandt et al. (1995) for O.ovatus feeding on Colorado spruce (Picea pungens Engelmann) at 15, 20 and 25ЊC at 16:8 h (L:D) h in southern Ontario, Canada. However, the preoviposition periods we observed in the optimum temperature range for oviposition (21, 24, and 27ЊC) were approximately half as long.
It is important to note differences between this study and that of Brandt et al. (1995) . In this study we used weevils reared in the laboratory from Þeld-collected late instars. After eclosion they were exposed to the constant temperature treatments (Ϯ0.5ЊC), fed strawberry leaves, caged in cohorts of Þve (considered replicates) with 20 replications, and observed daily. In Brandt et al. (1995) , the only other documented study on preoviposition of this species, 25 adults from Þeld emergence cages (age was not determined) in nurseries in southern Ontario, Canada, were used. Each was fed a spruce shoot. Also, Brandt et al. (1995) did not specify temperature constancy and they observed preoviposition and oviposition about three times a week.
Because we measured the time for the Þrst weevil in each cohort to begin laying eggs, the preoviposition periods we measured would be shorter than the mean for a population of O. ovatus. But, this does not explain why Brandt et al. (1995) found no statistical difference for preoviposition periods between 15, 20, and 25ЊC. Indeed, we did not observe any oviposition at 15ЊC. Our 15-d preoviposition length at the more optimal temperatures of 21, 24, and 27ЊC is similar to that described, although documented only in commentary, by Lovett (1913) for O. ovatus in western Oregon strawberries. Treherne (1914) stated that oviposition began within a minimum of 8 d from eclosion, but no details were given. It is possible that some of these differences could be due to food source. Shanks (1980) found that another weevil, Otiorhynchus sulcatus (F.), laid signiÞcantly more eggs when fed strawberry than when fed yew.
The mean oviposition period of 49 Ϯ 4.2 d reported by Brandt et al. (1995) was longer than we observed at any temperature (Fig. 3) . Brandt et al. (1995) also found that at 15, 20, and 25ЊC, weevils produced 62 Ϯ 8.3 eggs, which is lower than the total number of eggs we observed in the optimum range of temperatures (average 203 eggs) (Fig. 3) . Our Þndings appear to more closely match those of Downes (1922) , who reported that strawberry root weevil laid 150 Ð300 eggs when feeding on strawberries. As with the preoviposition period, the discrepancy between our data, Downes (1922), and Brandt et al. (1995) may be due to host plant differences or area of origin.
No work has been published on the effect of photoperiod on strawberry root weevil oviposition. Some authors have implied that photoperiod inßuences oviposition of a related species, O. sulcatus (Garth and Shanks 1978, Nielsen and Dunlap 1981) . Photoperiodic inßuences on oviposition may have implications for the geographic distribution of O. ovatus. Although O. ovatus is distributed more widely than any of the other Otiorhynchus species in North America, it is most commonly found in the northern states and Canada (Warner and Negley 1976) . These experiments were conducted using a population of strawberry root weevils from the PaciÞc Northwest, where daylength is Ϸ16:8 (L:D) h when oviposition is occurring (late June to early August). At 14:10 (L:D) h and 12:12 (L:D) h, some replicates did not oviposit at all. Therefore, the movement of strawberry root weevil through shipped nursery stock from northern areas such as Oregon and Washington to lower latitudes (Ͻ36Њ N), may restrict oviposition because of non-optimal photoperiods.
Accurate prediction of the preoviposition period is vital because it is the best time to implement adult control measures. From our data, it is evident that temperature plays a key role in the oviposition of strawberry root weevil, and the combination of photoperiod and temperature may largely regulate oviposition. The degree-day model we developed for preoviposition and oviposition periods is based on a photoperiod of 16:8 (L:D) h and the developmental threshold for pupae (4.3ЊC) (Umble and Fisher 2000) . Adult weevils are commonly found in debris and leaf litter during light hours, but perhaps may seek out microclimates that satisfy their thermal requirements. Although an appropriate microclimate may exist within a broad range of air temperatures, cool periods may lengthen the preoviposition period and reduce the number of eggs laid. Consequently, depending on whether the temperatures to which the adults are exposed are below 21ЊC, this model may predict the onset of oviposition earlier than it actually may occur. SpeciÞc models may need to be developed for other hosts and areas of origin, as suggested by the differences in measured ovipositional parameters between our study and a similar study conduced in Canada with Colorado spruce (Brandt et al. 1995) .
